Background--Vascular calcification and increased cardiovascular morbidity and mortality are closely related in patients with endstage renal disease and diabetes mellitus. Specific protein 1 (Sp1) is a transactivation molecule that plays a crucial role in the regulation of apoptosis, fibrosis, angiogenesis, and other pathological disorders. There is evidence that specific protein 1 (Sp1) directly stimulates the transcription of bone morphogenetic protein 2 (BMP2) and that BMP2 plays a key role in the calcification process in the BMP2-expressing F9 cell model system. Here, we investigated whether Sp1 plays an important role in vascular calcification and its potential regulatory mechanism in vascular calcification.
V ascular calcification is an important link between cardiovascular diseases and end-stage renal disease, aging, and diabetes mellitus and is a major risk factor for cardiovascular mortality 1, 2 and a predictor of mortality in patients with endstage renal disease and diabetes mellitus. 2 Recent studies have
shown that phosphate levels are key in vascular calcification in terms of both clinical trials and experimental models. 3 Vascular calcification is a process of active cell regulation rather than pure passive calcium deposition. 1, 4 Potential mechanisms of vascular smooth muscle cells (VSMCs) calcification are involved in apoptosis, matrix vesicle (MV) release, conversion of the phenotype of vascular smooth muscle cells into osteoblast-like cells characterized by the loss of contractile markers of VSMCs, such as a-smooth muscle actin (a-SMA), calponin, and smooth muscle 22a, and expressing osteogenicprofile markers, including runt-related transcription factor 2 (Runx2), alkaline phosphatase (ALP), osteopontin, osteocalcin, bone morphogenetic protein 2 (BMP2), and osterix, 5 and vascular remodeling. Apoptosis and the products of apoptosis degradation-MVs-are considered a starting point or initiating link of vascular calcification. 6, 7 Specific protein 1 (Sp1) is a transactivation molecule that is a founding member of the Sp/KLF family of transcription factors. 8 Previous studies have shown that there are Sp1 binding sites in the human genome, which explains the role of Sp1 as an activator or suppressor, including cell growth, differentiation, apoptosis, chromatin remodeling, fibrosis, inflammation, and DNA damage. [9] [10] [11] [12] [13] [14] [15] [16] [17] BMP2, an osteogenicprofile marker, is the target gene for Sp1 in the BMP2-expressing F9 cell model system. 18 Given that the above function of Sp1 is highly correlated with the pathology of vascular calcification, we hypothesized that Sp1 may be involved in the regulation of vascular calcification. To test this hypothesis, we used in vitro and in vivo experimental models to mimic the internal environment of patients with vascular calcification.
Methods
The data that support the findings of this study are available from the corresponding author upon reasonable request.
Patients and Sample Processing
To detect the Sp1 expression in calcified human aorta, the discarded aortic tissue is collected from patients (n=4) undergoing coronary artery bypass graft surgery with or without aortic calcification. These protocols complied with the Management Rules of the Chinese Ministry of Health; all procedures met the appropriate criteria for the use and handling of human tissue in China. The study was approved by the review committee of Qilu Hospital, Jinan, China, and all subjects gave informed consent.
Animal Model and Gene Silencing of Sp1
A total of 30 male Wistar rats (170-200 g at the beginning of the experiments, provided by the experimental animal center of Shandong University, Jinan, China) were housed under standard conditions. After a 1-week period of acclimatization, the rats were randomly assigned to 3 groups: control (n=10), vitamin D3 and nicotine-induced calcification +Ad-Sp1 (n=10), and vitamin D3 and nicotine-induced calcification +vehicle (n=10 
Experimental Procedure
At the end of the experiment, we anesthetized rats with 2% pentobarbital sodium and then dissected and perfused with saline. After these procedures, the thoracic aortas were removed from the chest and washed with saline after the rats were euthanized. A part of the aorta (%5 mm) was fixed in 4% paraformaldehyde for 72 hours. Then, the tissues were dehydrated by ethanol, embedded in paraffin, and 5-lm-thick sections were used to analyze histology and morphometry. The remaining part of the aortas was immediately frozen in liquid nitrogen and stored at À80°C for further molecular experiments.
Calcification Staining
To visualize calcium deposition, the sections of aortas were stained with 1 mg/mL Alizarin red solution (pH 4.2). VSMCs were fixed with 95% ethanol for 15 minutes, rinsed, and then stained with Alizarin red solution for 30 minutes.
Quantification of Calcium Deposition and ALP Activity
Calcium content was determined using the QuantiChrom Calcium Assay Kit (Biosino Bio-Technology and Science, Beijing) according to the manufacturer's instructions and was normalized to the protein content. The ALP activity was measured using an ALP assay kit (Beyotime Biotechnology, Jiangsu, China) and the results were normalized to the total protein concentration.
Immunohistochemical Staining
Immunohistochemical staining was performed as previously described. 19 Briefly, tissue sections (5 lm) were rehydrated,
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What Is New?
• Specific protein 1 expression is elevated in both human and rat calcified aorta.
• Elevated specific protein 1 plays a pro-apoptotic role and promotes bone morphogenetic protein 2 transcription, thereby accelerating vascular calcification.
What Are the Clinical Implications?
• This study could account for the mechanism of vascular calcification, at least in part.
• Proper and timely regulation of specific protein 1 expression and activity might be a potential therapeutic strategy for treatment of vascular calcification.
and heat-mediated antigen retrieval was performed using 0.05 mol/L sodium citrate buffer (pH 6.0). 
Cell Culture and Treatments
The A7r5 and MOVAs cell line, purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China), were cultured in DMEM containing 10% fetal bovine serum, 5.5 mmol/L glucose, and 2 mmol/L glutamine in a humidified incubator with 5% CO 2 . MOVAs cells were used for luciferase assays and chromatin immunoprecipitation assays (ChIP) and A7r5 cells were used in the other experiments. In addition, primary VSMCs that were isolated from rat thoracic aorta were used to detect the main indicators of smooth muscle cell calcification in order to verify the effect of Sp1 gene silencing. For calcification, confluent VSMCs were incubated in DMEM containing 10% fetal bovine serum and 10 mmol/L b-glycerophosphate (b-GP, Sigma-Aldrich) for 2 to 14 days. The medium was replaced every 3 days. Sp1 gene silencing was achieved by infecting the cells with adenovirus harboring Sp1 knockdown gene (Ad-Sp1). The cells in the Sp1 inhibition group were treated with Sp1 inhibitor mithramycin (MTM, Cayman Chemical) before inducing calcification.
Immunofluorescence Staining
A7r5 cells were seeded on glass-bottom dishes treated with b-GP after transfection of adenovirus or mithramycin as described above, washed with PBS, and then fixed with immunol staining fix solution (Beyotime Biotechnology, Jiangsu, China) for 20 minutes at room temperature. 
Western Blot Analysis
Western blot analysis was performed as previously described. 19 Primary antibodies against Sp1 (0.1 lg/mL, Reactions were carried out on a Real-Time PCR System (LightCycler 96, Roche), using SYBR green as fluorescence dye. Experiments were performed in duplicate. Relative expression analysis involved the 2 -MMCT method.
Annexin V/Propidium Iodide Double Staining
Annexin V/propidium iodide double staining was performed using Annexin V-FITC Apoptosis Detection Kits according to DOI: 10.1161/JAHA.117.007555
Journal of the American Heart Association the manufacturer's protocols, and fluorescence intensity was measured by BD FACSCalibur (BD Biosciences, San Jose, CA).
Caspase-3 Activity Assay
Caspase-3 activity was assessed using caspase-3 colorimetric assay kits according to the manufacturer's specifications (BioVison, Milpitas, CA), measured from the absorbance at 400 nm using a microplate reader.
Quantification of MVs
MVs isolation was performed as previously described. A7r5 cells were treated as described above for 3 days, and then the medium was collected after digested by collagenase and centrifuged at 10 000g at 4°C. MVs were isolated from the supernatant after centrifugation at 100 000g for 30 minutes at 4°C. MVs were then resuspended in 1% Triton X-100, and protein content was determined by using BCA protein assay kits (Solarbio). An increase in protein content indicated an increased number of MVs.
Luciferase Assays
All nucleotide positions are indicated with respect to the murine distal Bmp2 promoter that is 2201 nt upstream of the initiator codon (ATG). Target DNA fragments were synthesized and ligated into the T-vector (Genechem, Shanghai). Constructs BMP2-LUC (full length) and B271-LUC (nt À241 to 30) were created by digesting the resulting plasmid with KpnI and subcloning into the luciferase reporter vector, GV354 (Genechem, Shanghai) cut with KpnI. All plasmids were sequenced to confirm that they were the expected sequence. The promoter sequences used are shown in Table S1 . Constructs were transfected into MOVAs cells before being treated with b-GP. Firefly and renilla luciferase were measured using the Dual-Luciferase reporter assay system (Promega) according to the manufacturer's instructions.
Chromatin Immunoprecipitation Assay
Nucleoprotein complexes were prepared from MOVAs cells treated with or without b-GP. 
Results Elevated Sp1 Expression in Both Human and Rat Calcified Aorta
As shown in Figure 1A , calcium deposition was observed in human aorta, sample 2 and sample 4, although the physician was unable to select a severely calcified region of the aorta to open. Meanwhile, the expression level of Sp1 was detected by Western blot. As shown in Figure 1B , the protein expression level of Sp1 was significantly increased in the calcified aorta, sample 2 and sample 4, compared with sample 1 and sample 3. In addition, we detected the expression of Sp1 in rat aorta by polymerase chain reaction, Western blot, and immunohistochemical staining. The Sp1 mRNA and protein expression levels were significantly elevated in calcified aorta ( Figure 1C and 1D).
Either Sp1 Gene Silencing or Treated with Sp1 Inhibitor Mithramycin Prevented VSMC Transdifferentiation into Osteoblast-like Cells
To find out whether Sp1 was involved in vascular calcification, we used an adenovirus-harboring Sp1 knockdown gene (AdSp1) for the purpose of reducing the expression level of Sp1. We infected A7r5 cells with the adenovirus first to test the efficiency. Sp1 expression was significantly suppressed by AdSp1 in comparison with the vehicle group (Figure 2A) .
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In vitro, the calcified VSMCs induced by b-GP with Ad-Sp1 or different doses of mithramycin were pretreated, and the expression levels of osteogenic markers, such as BMP2, Runx2, and markers of contractile phenotype of VSMCs, such as a-SMA and calponin, were detected. Sp1 gene silencing suppressed expression of the osteogenic markers and reserved expression of the contractile phenotype markers ( Figure 2B through 2E) , mithramycin downregulated expression levels of Sp1, osteogenic markers, and upregulated expression levels of contractile phenotype markers in a concentration-dependent manner ( Figure 3A through 3E) , indicating a crucial role of Sp1 in the process of vascular calcification. The maximum effect of mithramycin was observed at 100 nmol/L. Therefore, we chose 100 nmol/L for further study. As shown in Figure 4A , immunofluorescence assay revealed a higher a-SMA protein level and lower BMP2 protein level in both the Ad-Sp1-and mithramycin-treated group. 
Sp1 Gene Silencing Alleviated Vascular Calcification In Vivo
In vivo, adenovirus harboring Sp1 knockdown gene (Ad-Sp1) was delivered into rats via the jugular vein to induce Sp1 gene silencing. Compared with the vehicle group, Sp1 expression was significantly suppressed by Ad-Sp1 in vivo ( Figure 5A and 5B). Calcium deposition was ameliorated by the treatment, as demonstrated by Alizarin red staining ( Figure 5C ), calcium concentration assay ( Figure 5D ), and ALP activity assay ( Figure 5E ), suggesting that Sp1 gene silencing alleviated vascular calcification. Additionally, the expression levels of osteogenic markers were suppressed ( Figure 5F and 5G); in contrast, markers of contractile phenotype of VSMCs were restored in the Sp1 gene silencing group as compared with the vehicle group ( Figure 5H and 5I), consistent with the results in vitro, confirming that Sp1 gene silencing prevented VSMC transdifferentiation into osteoblast-like cells.
Either Sp1 Gene Silencing or Sp1 Inhibition Suppressed Apoptosis as Well as Matrix Vesicles Release
Increasing evidences indicate that matrix vesicles, the production of tunica media apoptotic degradation, were the initiating link or starting point of vascular calcification. To investigate the effect of Sp1 on apoptosis, we assessed the vascular apoptosis extent by terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling staining ( Figure 6A ). Sp1 gene silencing significantly reduced the percentage of terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling-positive VSMCs compared with the vehicle group. In addition, elevated expression levels of cleaved-caspase-3 and p53 were also decreased in the Sp1 gene-silencing group as well ( Figure 6B and 6C). We treated A7r5 cells with different doses of mithramycin for the second time to verify whether 100 nmol/L is suitable for inhibiting apoptosis. The results showed that mithramycin reduced the expression of cleavedcaspase-3 and p53 in a concentration-dependent manner ( Figure 6D and 6E) . The effect of mithramycin on VSMCs apoptosis was similar to that at 100, 200, and 500 nmol/L, so we chose 100 nmol/L for further study.
Further confirming whether Sp1 is involved in vascular calcification partly by regulating apoptosis and apoptosisdegrading products, matrix vesicles, we detected the effects of Sp1 gene silencing or Sp1 inhibition by terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling staining ( Figure 7A ), Annexin V/propidium iodide double staining ( Figure 7B and 7C) , matrix vesicles release assay ( Figure 7D) , and caspase-3 activity assay ( Figure 7E and 7F ) in vitro. Compared with the b-GP group, Ad-Sp1 or mithramycin treatment significantly inhibited apoptosis, as well as matrix vesicles release and caspase-3 activity.
Sp1 Binding Activity Was Crucially Involved in VSMCs Phenotypic Switching
To further understand the underlying mechanism by which Sp1 is involved in calcification, luciferase assay, ChIP assay, and electrophoretic mobility shift assay are used to clarify the Sp1 binding activity that is involved in VSMC phenotypic switching. Since the BMP2 promoter region contains a Sp1-binding element as shown in Figure 8A , BMP2 is assumed to be a novel target of Sp1 in the calcifying process of VSMCs. The luciferase activity of both full-length BMP2 promoter and part of BMP2 promoter containing Sp1-binding element were elevated by b-GP treatment as demonstrated by luciferase assay ( Figure 8B and 8C). Previous study showed that deletion of 32 bp Not I fragment from the mouse BMP2 gene from À193 nt to À161 nt relative to the distal promoter containing the Sp1 site ( Figure 8D ) reduced the luciferase activity by half. 20 In addition, ChIP assays were performed to determine whether the BMP2 promoter is the direct target of Sp1 in VSMCs. As shown in the representative ChIP blot results in Figure 8E , the primers effectively amplified their target immunoprecipitation in the b-GP group, indicating that b-GP increased Sp1 DNA binding activity with BMP2 promoter. We next analyzed the binding specificity by electrophoretic mobility shift assay competition analyses using 50-, 100-, and 200-fold molar excess of unlabeled BMP2 oligonucleotides. As expected, unlabeled BMP2 oligo competes effectively with biotin-labeled probes ( Figure 8F ) and shows that the binding of Sp1 to BMP2 promoter is specific.
Discussion
Overall, the results of this study support the hypothesis that Sp1 plays an important role in vascular calcification. Sp1 gene silencing attenuates the vascular calcification observed in vitamin D3 and nicotine-induced calcification in vivo and in vitro. In the meantime, mithramycin, a Sp1 inhibitor, prevents calcification observed in the b-GP-treated VSMCs. Apoptosis assay and Sp1 binding activity assay were used to DOI: 10.1161/JAHA.117.007555
Journal of the American Heart Association further assess the potential mechanism by which Sp1 participates in calcification. Therefore, Sp1 is likely to be a potential target for the prevention or treatment of vascular calcification.
Sp1 is the founding member of the 26 member strong Sp/ KLF family of transcription factors 8 with a number of crucial roles in many pathophysiological processes, such as cell cycle, and cell migration. 21, 22 Additionally, accumulating Journal of the American Heart Association evidences have showed that Sp1 is important in regulating apoptosis, fibrosis, angiogenesis, and other pathologic disorders. 11, 13, 14 Previous studies demonstrated that Sp1 is likely to be involved in tumor progression by regulating its target genes via binding to their GC-rich promoter elements. 23 Our previous findings proved that Sp1 binding activity was involved in the miR-7a/b-regulated PARP-1 and caspase-3 expression in hypoxia-treated cardiomyocytes. 24 However, the role of Sp1 in vascular calcification remains unclear. In our study, Sp1 was significantly elevated in both human and rat Journal of the American Heart Association calcified aorta. Inhibition or gene silencing of Sp1 ameliorated calcium deposition, suppressed apoptosis as well as matrix vesicles release, and downregulated the expression of osteogenic-profile markers both in vivo and in vitro, which was consistent with our hypothesis.
Growing evidence suggested that the potential mechanisms mediating calcification of VSMCs include osteogenic/ chondrogenic conversion, apoptosis, MV release, and matrix remodeling. Journal of the American Heart Association stimulate mineralization by increasing MV production. 26 Furthermore, numerous studies confirmed that the tunica media apoptotic degradation product MVs were the initiating link of vascular calcification, 6 which demonstrated that MVs played a pivotal role in the pathophysiological process of calcification. In the current experiments, the silencing or inhibition of Sp1 strongly downregulated apoptosis and MVs release, which furthermore protected the aorta from Journal of the American Heart Association calcification. p53 is widely acknowledged to play a key role in apoptosis, including induction of apoptosis, cell-cycle regulation, differentiation, gene amplification, DNA recombination, and cellular senescence. 27 Meanwhile, in vivo, Sp1 silencing seemed to be effective in terms of reducing vascular apoptosis. Therefore, it could serve as an explanation of the protective role of Sp1 silencing or inhibition in regulating vascular calcification. In view of the fact that Sp1 is a transcriptional factor, inhibition of Sp1 DNA binding activity by mithramycin [30] [31] [32] [33] [34] There is evidence that BMP2 is the target gene of Sp1 in the BMP2-expressing F9 cell model system. 18 Therefore, we analyzed the BMP2 sequence by using the Neural Network Promoter Prediction software to verify the binding site and found the Sp1 binding site, suggesting that Sp1 acts as a potential transcription factor for BMP2 activation. In our study, we found that the binding ability of Sp1 to BMP2 GCrich promoter elements has been enhanced in b-GP-treated cells, as demonstrated by luciferase assay and ChIP assay. Therefore, BMP2 is a functional target gene for Sp1 in calcified VSMCs. This result suggests another explanation of the protective role of Sp1 silencing or inhibition in regulating vascular calcification. In addition, it was found that Sp1 can directly bind to the downstream osteogenic gene promoter, such as type I collagen a1 24 and osteocalcin, with or without Sp7 synergistically promoting transcription. 35 Canadillas et al reported that Sp1 interacted with its response element at the vitamin D receptor promoter to modulate vitamin D receptor expression by extracellular calcium. 36 Recently, Sp1 DNA-binding ability has been demonstrated to be regulated heavily by posttranslational modification in tumor and cell differentiation. 37, 38 In the present study, we assessed the phosphorylation of Sp1 by means of Western blot, but there was no significant difference in the ratio of phosphorylated Sp1 to total Sp1 between the control group and the calcification group (data not shown). However, whether other posttranslational modifications regulate Sp1 activity during calcification remains to be determined. Interestingly, it was noted that the anticancer effect of mithramycin was consistent with the results of our study by depleting Sp1 and activating p53 at low dose (20 nmol/L), but inhibiting p53 expression at high doses in tumor progression, which was consistent with our findings and our previous study reporting that the inhibition of Sp1 DNA binding activity by treatment with mithramycin significantly reduced expression of pro-apoptotic genes. 24, 39 It seems that the extent of Sp1 inhibition is crucial for the influence of p53 and apoptosis. With the unsolved problems associated with accurately identifying the precise effect of targeting Sp1 in alleviating vascular calcification, further investigations are necessary. In addition, there is growing evidence that Sp1 is involved in the effects on elastin degradation and collagen accumulation. We previously found that Sp1 mediates the antifibrotic effects of miR-7a/b in angiotensin II-stimulated cardiac fibroblasts by targeting collagen I. 24 Meanwhile, the MMP-9 expression level was shown to be transcriptionally regulated by Sp1. 40 MMP-9 plays a crucial role in elastin degradation, which is highly pro-calcific. Therefore, whether elevated Sp1 has other effects on vascular calcification, such as stimulating elastin degradation and collagen accumulation, via the regulation of a currently unknown pathway, remains to be determined. It should be noted that we used a vitamin D3+ nicotineinduced rat vascular calcification animal model in vivo to simulate aging, end-stage renal disease, and patients with diabetes mellitus with vascular calcification. This animal model has long been established, but still has some limitations, in view of the fact that its mechanism may be different from that in human vascular calcification. Therefore, in future studies, these findings should be confirmed in different disease-specific models. Additionally, the classical hypothesis holds that in response to injury, terminally differentiated VSMCs undergo a phenotypic switch, downregulating contractile proteins. VSMCs, which have been shown to be the origin of osteochondroblastic cells, were used to establish the in vitro calcification model. However, the pathophysiology of vascular calcification is a complex process involving multiple cell types, such as pericytes in microvessels and in tunica externa of large arteries, myocytes in tunica media, and myofibroblasts in adventitia. 41 Li et al reported that calcification might arise from both the fibroblasts that were transformed into myofibroblasts and VSMCs. 42 Kramann et al observed strong Gli1 expression in media calcification and atherosclerosis, suggesting that adventitial mesenchymal stem cell-like (MSC-like) cells are progenitors of VSMCs and drive vascular calcification in chronic kidney disease. 43 Based on our findings, it is possible that the other vascular cells are vulnerable to the effect of Sp1 as well. Sp1 expression and effects on other vascular cells should be determined in future studies.
In conclusion, elevated Sp1 plays a pro-apoptotic role and promotes BMP2 transcription, thereby accelerating vascular calcification. Because the clinical outcome of vascular calcification is determined by numerous mediators and signaling pathways, proper and timely modulation of Sp1 expression may be a novel and effective treatment for patients with vascular calcification.
